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BOX PCT 

IN THE UNITED STATES DESIGNATED OFFICE 
OF THE UNITED STATES PATENT AND TRADEMARK OFFICE 
UNDER THE PATENT COOPERATION TREATY-CHAPTER II 
5 AMENDMENT "A" PRIOR TO ACTION AND SUBMISSION OF 

SUBSTITUTE SPECIFICATION 
APPLICANT: Johan Lidman 

ATTORNEY DOCKET NO. P02,6086 
INTERNATIONAL APPLICATION NO: PCT/SEOO/01744 
10 INTERNATIONAL FILING DATE: September 7, 2000 

INVENTION: "COMPRESSION AND DECOMPRESSION CODING 

SCHEME AND APPARATUS" 
Assistant Commissioner for Patents 
Washington, D.C. 20231 

15 Sir: 

Applicant herewith amends the above-referenced PCT application as 

follows, and requests entry of the Amendment prior to examination in the 

United States National Examination Phase. 

IN THE SPECIFICATION: 
20 Please enterthe substitute specification submitted herewith pursuant 

to 37 C.F.R. §1.1 25(b). A marked-up copy of the substitute specification, 

showing all of the changes, is also submitted herewith. The substitute 

specification does not add any new matter. 

IN THE DRAWINGS: 
25 Please amend each of Figures 1, 2 and 8, and make the further 

changes on each of drawing sheets 1 through 6. as shown on the drawing 

copies marked in red attached to the Request for Approval of Drawing 

Changes filed simultaneously herewith. 

IN THE CLAIMS: 
30 On page 16, in line 1 , cancel "Claims" and substitute: 

- I CLAIM AS MY INVENTION: - therefor. 



i n J'O IJ .3 Q ^ i-i: O 



-2- 

Cancel claims 1-17 and substitute the following clainns therefor: 

18. A data coding method comprising the steps of: 
monitoring a data signal containing a plurality of symbols and 

determining a plurality of most frequently occurring data 
5 components in said data signal, selected from the group 

consisting of most frequently occurring symbols and most 
frequently occurring sequences of symbols containing at least 
two symbols; 

allocating respective codewords to said most frequently occurring 
10 data components, thereby obtaining a codeword set; and 

forming a compressed signal by substituting the respective 

codewords for said most frequently occurring data 

components. 

19. A method as claimed in claim 1 8 wherein the step of monitoring 
15 said data signal comprises monitoring said data signal during a 

predetermined time period. 

20. A method as claimed in claim 18 wherein said data signal 
includes uncoded symbols, that are not among said plurality of most 
frequently occurring symbols, and comprising the additional step of reserving 

20 at least one codeword in said set as an indicator for said uncoded symbols. 

21. A method as claimed in claim 20 wherein said uncoded 
symbols include uncoded negative symbols, and comprising supplementing 
said at least one codeword serving as said indicator for uncoded symbols 
with at least one further codeword, for said uncoded negative symbols, 

25 indicative of a negative value. 

22. A method as claimed in claim 1 8 wherein the step of allocating 
codewords comprises allocating codewords to respective data components 
that are incorporated in other data components having another codeword 
allocated thereto. 



23. A data compression method comprising the steps of: 
converting a plurality of most frequently occurring data components 

in a data signal containing a plurality of symbols into respective 
codewords, said most frequently occurring data components 
being selected from the group consisting of most frequently 
occurring symbols and most frequently occurring sequences of 
symbols containing at least two symbols; and 

designating remaining symbols in said data signal, not among said 
most frequently occurring data components, with at least one 
codeword indicative of no compression; and 

substituting said codewords in place of said symbols. 

24. A method as claimed in claim 23 comprising setting a 
predetermined number and a predetermined length for said codewords. 

25. A method as claimed in claim 23 comprising preprocessing an 
input signal containing a plurality of symbols to generate said data signal by 
generating an additional symbol representing a difference between 
contiguous symbols in said input signal. 

26. A method as claimed in claim 23 comprising the additional 

steps of: 

reading a symbol in said data signal; 

determining if the symbol that has been read corresponds to a 

codeword; and 

substituting said codeword for said symbol that has been read if said 
symbol that has been read corresponds to only one codeword. 

27. A method as claimed in claim 26 wherein said symbol that has 
been read is a first symbol, and comprising the additional steps, if said first 
symbol corresponds to more than one codeword, of: 

reading a subsequent symbol following said first symbol; 
determining if said first symbol and said subsequent symbol 
correspond to a codeword; and 



substituting a codeword in place of said first symbol and said 
subsequent symbol if said first symbol and said subsequent 
symbol correspond to only one codeword. 

28. A method as claimed in claim 27 comprising the additional 
step, if said symbol that has been read corresponds to no codeword, 
retaining said symbol that has been read in said data signal. 

29. An arrangement for compressing and decompressing a data 

signal, comprising: 

a memory for storing codewords respectively corresponding to data 
components selected from the group consisting of symbols 
and symbol sequences; and 

a determination unit supplied with a data signal containing a plurality 
of symbols for determining if a symbol in said data signal 
corresponds to a codeword in said memory and, if a symbol 
corresponds to only one codeword in said memory, 
transmitting that codeword in place of said symbol and 
transmitting said symbol if said symbol corresponds to no 
codeword in said memory. 

30. An arrangement as claimed in claim 29 wherein said memory 
includes a plurality of memory locations respectively designating codewords, 
and wherein each memory location contains an indication of a number of 
possible symbol sequences, and is mapped to a symbol of said data signal. 

31. An arrangement as claimed in claim 30 further comprising a 
difference symbol generator, connected preceding said determination unit, 
which generates a difference symbol between contiguous symbols in said 
data signal. 

32. An arrangement as claimed in claim 29 wherein said memory 
comprises a plurality of memory locations having respective addresses, and 
wherein said addresses are said codewords. 
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33. A computer program product for converting a data signal 
containing a plurality of symbols into a compressed signal, said computer 
program product comprising: 

a computer-readable program code for establishing a set of 
5 codewords by determining a plurality of most frequently 

occurring data components in a data signal, said most 
frequently occurring data components being selected from the 
group consisting of most frequently occurring symbols and 
most frequently occurring sequences of symbols containing at 
10 least two symbols; and 

said program code allocating one codeword to each of said most 
frequently occurring data components. 

34. A computer program product as claimed in claim 33 wherein 
said program code compresses said data signal by converting said most 

1 5 frequently occurring data components into respective codewords by reading 
a symbol in said data signal and determining if said symbol corresponds to 
a codeword, and if so, emitting said codeword instead of said symbol and, 
if not, emitting said symbol. 

IN THE ABSTRACT: 

20 Please add the Abstract shown separately numbered page 20, 

attached hereto. 

REMARKS: 

The present Amendment makes editorial changes in the specification, 
25 drawings, claims, and adds an Abstract to conform the present PCT 
application to the requirements of United States patent practice. The 
cancellation of claims 1-17 in favor of the claims presented herein has been 
done solely because the amount of bracketing and underlining in the original 
claims which would have been necessary to conform those claims to the 
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requirementsof 35 U.S.C. §112, second paragraph, would have been unduly 
burdensome and confusing. No change in any of the claim language has 
been made for distinguishing any of the original claims over the teachings of 
the art of record, accordingly no change in the language of any claim is 
5 considered by the Applicant as a surrender of any coverage encompassed 
within the scope of the original claims. 

Early consideration of the PCT application is respectfully requested. 

Submitted by, ^ 

(Reo. 28.982) 

10 SCHIFF, HARDIN & WAITE 

CUSTOMER NO. 26574 
Patent Department 
6600 Sears Tower 
233 South Wacker Drive 
15 Chicago, Illinois 60606 

Telephone: 312/258-5790 
Attorneys for Applicant. 
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ABSTRACT OF THE DISCLOSURE 



In a compression and decompression coding method, arrangement 
and computer program product, a data signal containing a number of 
symbols is converted into a series of codewords. A set of codewords is 
established and the data signal is monitored to determine the most 
frequently occurring symbols therein and/or sequences of symbols therein 
containing at least two symbols. A codeword is then allocated to each of the 
most frequently occurring of the symbols and/or symbol sequences. At least 
one codeword is reserved for indicating uncompressed data. When 
compressing a signal, the incoming symbols are first checked to determine 
if they correspond to a codeword . If a symbol corresponds to more than one 
codeword, further symbols are read until a symbol occurs which corresponds 
to one codeword only. That codeword is then transmitted. Any symbol that 
does not correspond to a codeword is supplemented with a codeword 
indicative of no compression and is then transmitted. 



20 
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BOX PCT 

IN THE UNITED STATES DESIGNATED OFFICE 
OF THE UNITED STATES PATENT AND TRADEMARK OFFICE 
UNDER THE PATENT COOPERATION TREATY-CHAPTER II 
SUBMISSION OF DRAWINGS FOR PUBLICATION 
APPLICANT: Johan Lidman 

ATTORNEY DOCKET NO. P02,0086 
INTERNATIONAL APPLICATION NO: PCT/SEOO/01 744 

INTERNATIONAL FILING DATE: September 7, 2000 

INVENTION: "COMPRESSION AND DECOMPRESSION CODING 



Assistant Commissioner for Patents, 
Washington, D.C. 20231 

S I R: 

Applicant herewith submits six sheets (Figs. 1-11e) of drawings for 
publication purposes. The drawings embody the changes made in the 
Request for Approval of Drawing Changes, filed simultaneously herewith. 
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BOX PCT 

IN THE UNITED STATES DESIGNATED OFFICE 
OF THE UNITED STATES PATENT AND TRADEMARK OFFICE 
UNDER THE PATENT COOPERATION TREATY-CHAPTER II 
REQUEST FOR APPROVAL OF DRAWING CHANGES 

APPLICANT: Johan Lidman 

ATTORNEY DOCKET NO. P02.0086 
INTERNATIONAL APPLICATION NO: PCT/SEOO/01744 
INTERNATIONAL FILING DATE: September 7, 2000 

INVENTION: "COMPRESSION AND DECOMPRESSION CODING 



Assistant Commissioner for Patents, 
Washington, D.C. 

S I R: 

Applicant herewith requests approval of the drawing changes in each 
of Figures 1 , 2 and 8, as well as approval of further changes on each of 
sheets 1 through 6, as shown on the copies of sheets 1 through 6 marked 
in red attached hereto. 



SCHIFF. HARDIN & WAITE 
CUSTOMER NO. 26574 
Patent Department 
6600 Sears Tower 
233 South Wacker Drive 
Chicago, Illinois 60606 
Telephone: 312/258-5790 
Attorneys for Applicant. 
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SUBSTITUTE SPECIFICATION 

SPECIFICATION 
TITLE 

"COMPRESSION AND DECOMPRESSION CODING SCHEME 

AND APPARATUS" 
BACKGROUND OF THE INVENTION 
Field of the Invention 

The present invention relates generally to a coding scheme and 
apparatus for the compression and decompression of data. It Is particularly 
directed to the compression of signals that exhibit so-called memory, where 
a portion of a signal depends on the value of a preceding portion. The 
invention has particular application to medical systems, such as implantable 
pacemaker devices, which have limited memory but require the storage of 
large quantities of data. 
Description of the Prior Art 

Medical systems for monitoring physiological functions are becoming 
more complex as the need for diagnostic applications increases. In 
particular there is a need for intracardial detection systems and pacemaker 
systems capable of storing ever increasing numbers of signals, such as 
electrocardiogram signals (EGG and lEGM), pressure signals and 
bioimpedence signals or the like, of ever increasing length. However, the 
available memory space for data storage is often restricted, particularly in 
implanted pacemaker systems. Perhaps more importantly in implanted 
systems, the amount of data that may be collected is also restricted by the 
transmission capacity of a telemetry link between an implanted device and 



1 e ^ 'i:' ' O v^' ^ J 1 1. !l o iLii 



-2- SUBSTITUTE SPECIFICATION 

its programmer or other external control device. For example, a defibrillator 
today typically requires a transmission time of up to 40 minutes for 
downloading to its controller all the data that can be collected. If the required 
quantities of data are to be made available for processing, this data must be 
5 compressed. 

Data compression can generally be divided into two forms. A first 
form is based on viewing a signal as a mathematical function and observing 
and utilizing characteristics of this function to compress data. The second 
form utilizes coding theory and is based on the statistics of multiple discrete 

10 signal levels, or symbols, occurring in a signal. 

A conventional algorithm working according to this latter principle is 
the Tunstall code. This code maps variable-length symbol segments of an 
input signal into fixed-length codewords. Since the codeword length is fixed, 
the number of codewords n is known in advance. The object is to assign 

15 codewords to symbol segments that occur with approximately equal 
probability. The procedure begins with a set of symbol segments consisting 
of each of the individual symbols occurring in the input signal, such as m 
symbols in total. The most probable symbol is then removed from the set 
and replaced by m new segments, each of which is the removed symbol 

20 suffixed by one of the m input symbols. This procedure continues until the 
number of symbol segments. Manager, in the set is equal to the number of 
codewords, n. The codewords are then assigned to the symbol segments. 
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An example of Tunstall encoding is illustrated in Figs. 1 and 2. Fig. 
1 shows a probability tree comprising nodes, and branches emanating from 
each node, in the illustrated example it is assumed that S codewords are 
available for compressing data, 1 to 8. The tree in Fig. 1 assumes that a 
source signal comprises two signals, '0' and Each symbol is represented 
by a first branch. The probability a symbol occurring is given at the node 
terminating the associated branch. Hence a '0' occurs with a probability of 
0.6 and a'V occurs with a probability of 0.4. The branch with the highest 
probability is expanded further by adding a second series of branches for 
each possible symbol. The *0' branch is thus bifurcated into a second '0' 
branch with a total probability of 0.36 and a 'V branch with probability 0.24. 
The first branch for symbol '1' now has the highest probability and is 
expanded in turn, resulting in two further branches with probability of 0.24 
and 0.16. This process continues until the number of end branches equals 
the number of codewords, in the present example 8. with the probability of 
each branch occurring being relatively close. Each end branch represents 
a sequence of symbols. These sequences are assigned a codeword as 
shown in Fig. 2. 

A problem associated with Tunstall encoding is that signals containing 
a large number of different symbols, for instance a large number of discrete 
signal levels, require a very large number of codewords. For example, in a 
pacemaker system, a typical electrogram or lEGM signal is represented by 
S bits sampled at 51 2 Hz. The number of symbols in this signal is thus 256. 
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A Tunstall codebook for this signal would have to contain at least 256 
codewords just to cover the different individual symbols. In order to obtain 
compression of the signal, the branches must be expanded further which 
adds a further 256 codewords per branch. The Tunstall code is a general- 
5 purpose data compression algorithm and is not adapted to special classes 
of data. In particular it is not effective when applied to signals which exhibit 
memory. Typically, many of the signals monitored by medical systems, and 
cardiac pacers in particular, exhibit some memory, one example being the 
lEGM signal. The use of Tunstall encoding for processing sampled data in 

10 medical systems, and specifically implanted systems, is thus limited. 

SUMMARY OF THE INVENTION 
It is an object of the present invention to provide a coding method and 
apparatus that allows a signal exhibiting memory to be compressed and 
decompressed efficiently and without distortion. 

1 5 The above object is achieved in accordance with the present invention 

in a data coding method for converting a signal containing a plurality of 
symbols into codeword, and an apparatus and software product for 
implementing the method, including the steps of: establishing a set of 
codewords, monitoring a data signal and determining the most frequently 

20 occurring symbols and/or sequences of symbols containing at least two 
symbols, allocating one codeword to each of the most frequently occurring 
of said symbols and/or symbol sequences. 
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According to a further aspect, the invention provides a data 
compression method for compressing a data signal containing a plurality of 
symbols, including: converting the most frequently occurring symbols and/or 
symbol sequences into codewords, supplementing the remaining symbols 
5 with at least one codeword indicative of no compression. 

The invention further proposes an arrangement for compressing and 
decompressing a data signal containing a plurality of symbols, including: 
means for storing codewords corresponding to symbols and/or symbol 
sequences, and means for determining if a symbol in said data signal 
10 corresponds to at least one codeword in the storage means and, when a 
symbol corresponds to only one codeword, for transmitting said codeword, 
wherein the determining means are further adapted to transmit a symbol if 
it corresponds to no codeword in the storage means. 

According to a fourth aspect, the invention proposes a computer 
1 5 program product for converting a signal containing a plurality of symbols into 
a compressed signal, including computer readable program code means for 
establishing a set of codewords, determining the most frequently occurring 
symbols and/or sequences of symbols containing at least two symbols in a 
data signal and allocating one codeword to each of the most frequently 
20 occurring of said symbols and/or symbol sequences. 

By providing codewords to only the most frequently occurring symbols 
and symbols sequences, the number of codewords required is greatly 
reduced. At the same time however the efficiency of the compression is 
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increased, as these codewords are allocated to the varying length symbol 
sequences that appear with the highest frequency in the signal. This 
compression technique furthermore fully exploits any memory in a signal. A 
further difference over prior art coding schemes and the Tunstall code in 
5 particular is that codewords may be allocated to every node and end branch 
in a coding tree and not just the end branches. This is also particularly 
useful when compressing signals that exhibit memory such as signals 
monitoring physiological quantities such as the heartbeat, respiration rate 
and the like. 

10 DESCRIPTION OF THE DRAWINGS 

Fig. 1 , as noted above, depicts a coding tree illustrating the Tunstall 
encoding algorithm. 

Fig. 2, as noted above, depicts a coding table corresponding to the 
coding tree of Fig 1. 

15 Fig. 3 is a schematic block diagram of an encoder/decoder 

(compressor/decompressor) according to the present invention. 

Figs. 4a through 4e are a series of histograms illustrating the 
generation of a codebook according to the present invention. 

Fig. 5 depicts a coding tree corresponding to the histograms of Figs. 
20 4a through 4e. 

Fig. 6 depicts a codebook corresponding to the coding tree of Fig. 5. 
Fig. 7 is a schematic illustration of a pre-processing function in 
accordance with the present invention. 
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Fig. 8 is a schematic diagram of an arrangement for compressing and 
decompressing data according to the present Invention. 

Fig. 9 is a schematic illustration of a codebook memory illustrating the 
mapping between symbols and memory locations in accordance with the 
invention. 

Fig. 10 is a flowchart illustrating a method for compressing data 
utilizing the inventive arrangement of Fig. 8. 

Figs. 11a through lie are a sequence of graphs illustrating the 
compression and subsequent decompression of an lEGM signal, in 
accordance with the present invention. 

DESCRIPTION OF THE PREFERRED EMBODIMENTS 

The compressing and decompression scheme according to the 
present invention is based on the representation of a data signal containing 
a plurality of symbols into coded form utilizing codewords of fixed length. 
The symbols contained in an input signal may be digital representations of 
characters, such the ASCII format. Typically, however, the symbols will be 
binary representations of discrete signal levels in a sampled analogue signal, 
such as an EGG, lEGM or other signals for monitoring physiological activity. 

Fig. 3 schematically illustrates the function of an encoder/decoder for 
compressing and decompressing a data signal. The data signal contains a 
plurality of symbols which are read by a symbol reader I and relayed to an 
encoder/decoder 2. The encoder/decoder 2 has access to a storage 
medium 3 containing a codebook of the fixed-length codewords. The Input 
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symbols or symbol sequences are mapped to codewords in the codebook 
3 and replaced by the corresponding codeword. The reduction of symbols 
and symbol sequences of variable length into codewords results in the 
compression of the data. Decompression is accomplished by inverting the 
operation. Codewords are passed through the encoder/decoder 2, which 
with the aid of the mapping to the codebook 3 reconstitutes the original input 
sequence. 

The generation of a codebook according to the present invention 
commences with determining the number of codewords to be used. This is 
selected as a function of the total number of symbols contained in an input 
signal and the degree of compression required. 

The codebook is generated by observing the input signal during a test 
phase and determining the probabilities of the symbols and sequences of 
symbols occurring. This is accomplished by observing the input signal during 
a set time period, for example 20 s, and noting the symbol that occurs with 
the highest frequency during this period. The signal is then observed again 
for the same time period and the symbol that follows the noted symbol most 
frequently is noted. This process continues until the number of most 
frequently occurring symbols and/or symbol sequences noted is equal to the 
number of codewords in the codebook. It will be understood, that only those 
symbols or symbol sequences that occur most frequently will be coded. This 
allows the number of codewords to be kept to a reasonable number. 
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A simplified example of this process is illustrated in Figs. 4a-4e, 5 and 
6 with reference to the generation of a codebook containing 8 symbols. The 
input signal consists of 5 symbols 1,2,3, 4, 5. 

Turning now to Fig. 4a, a first histogram is produced after observing 
5 the input signal for a set period. It is evident that the most frequently 
occurring symbol is 3 with an occurrence of 50. Fig. 4b shows a histogram 
produced after the same period of time and gives the frequency of the 
different symbols that follow 3. Thus the sequence 32 has occurred ten 
times, the sequence 33 fifteen times, and the sequence 34 twelve times. 

10 Fig. 4c shows a histogram of the symbols following 2 and Fig. 4d shows a 
histogram of the symbols following the symbol sequence 3, 3. Finally Fig. 
4e shows the histogram of the symbols following the symbol 4. The 
codebook is established by determining which of the 8 symbols and/or 
symbol sequences occurred most frequently. This is illustrated schematically 

15 in a code tree in Fig. 5. In this code tree, a codeword has been assigned to 
every node and end branch. Hence the symbol 3 has been allocated the 
codeword *2' but the symbol sequence 33 has also been allocated a 
codeword, '5' and the symbol sequence 332 has been allocated the 
codeword '8'. This is summarized in tabular form in Fig. 6. 

20 It is apparent from the above example that codewords are not 

assigned to every symbol of an input signal. Thus when these unassigned 
symbols are read by an encoder, the symbol is transmitted uncompressed. 
To distinguish the uncompressed data from the compressed data, it is 
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preferable to utilize some form of distinguishing symbol or codeword. Thus 
at least one codeword will be reserved for transmitting uncoded input 
symbols. 

Depending on the signal to be compressed, it may be desirable to pre- 
5 process the signal in order to increase the frequency of a very few symbols 
and sequences. This considerably increases the efficiency of the 
compression. For example, pre-processing can be very effective when 
compressing sampled lEGM, EGG or other physiological signals that monitor 
some form of periodic activity. 

10 Fig. 7 schematically illustrates the preferred function of such a pre- 

processor. In Fig. 7 an input data stream denoted by 10 comprises the 
symbols IEGMn-1 , lEGMn. IEGMn+1 and IEGMn+2. Thefunction generates 
the difference symbol value between a symbol and a preceding symbol. The 
output data stream 12 thus comprises the symbols (lEGMn - IEGMn-1) and 

15 (IEGMn-1 - IEGMn-2). etc. 

In a preferred embodiment of the present invention, the compression 
coding scheme according to the invention is used to compress an lEGM 
signal comprising 255 symbols ranging from 0 to 254. After pre-processing 
in accordance with the function of Fig. 7, the signal contains 509 possible 

20 symbols, ranging from -254 to +254. However, while the number of possible 
symbols has almost doubled, the form of the original lEGM signal is such 
that the processed signal contains mainly symbols close to 0 such as 1 , -1 , 
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2, -2 etc. Thus the concentration of a very few symbols and symbol 
sequences is increased by the difference function. 

A codebook generated for a pre-processed lEGM signal of the type 
described above can typically be efficiently compressed utilizing a codebook 
5 containing 254 codewords, for example 254 8-bit words ranging from 0 to 
253. The 254 most frequently occurring symbols and/or symbol sequences 
are then converted into codewords. The 8-bit words with values 254 and 255 
are then reserved. These are utilized to signal whether data is compressed 
or uncompressed. Preferably, one reserved codeword, for example 255, is 

10 sent to indicate that uncompressed data follows. The other codeword 254 
can then be utilized to signal that compressed data is following. To avoid 
having to generate different symbols for negative and positive symbols, an 
uncompressed negative symbol is preferably indicated by preceding it with 
both symbols sent contiguously, for example, 255 followed by 254 followed 

15 by the uncompressed equivalent positive symbol. 

The codebook is preferably generated for a class of signals and 
retained for different signals of the same class so that it does .not need to be 
re-established prior to compressing data. For example, a cardiac pacer 
containing data compression and decompression circuitry for processing 

20 some physiological measurement such as an lEGM signal, EGG signal or 
bioimpedence signal could be subjected to a training phase for each patient 
to establish a codebook that is specific to each patient. The training phase 
could also be performed using a test sequence that is representative of the 
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class of signal, so that one codebook is used for several patients. A further 
option would be to utilize an adaptive procedure, whereby the statistics of the 
signal are observed and a codebook newly generated prior to each 
compression. This codebook would then be optimized for each signal 
generated in a pacemaker. However, it will be understood that the codebook 
must be retained long enough to enable the compressed data to be 
decompressed. 

In the coding procedures described above, a codeword is allocated 
to every node and end branch of a probability tree. It will, however, be 
understood that codewords could be assigned only to the end branches of 
the tree. The efficiency of such a code would depend on the characteristics 
of the starting signal. 

An arrangement for encoding and decoding a signal is illustrated in 
Fig. 8. The arrangement includes an input stage 20 for reading a symbol. 
A processor 21, that preferably takes the form of a single chip 
microprocessor with associated memory, is coupled to the input stage. A 
codebook memory 22 having 256 8-bit memory locations with addresses 
from 0 to 255 is connected to the processor 21 . An output stage 23 for the 
codewords is coupled to the memory 22 and processor 21. This output 
stage 23 is finally coupled to a storage memory 24 for storing the 
compressed data and to a telemetry transmission unit 26, which fonwardsthe 
data to a remote external programmer or controller. The input stage 20 is 
also coupled to the storage memory 24 and telemetry transmission unit 26 
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for transmitting uncompressed data. The encoding and decoding 
arrangement is preferably preceded by a preprocessing stage as shown in 
Fig. 7. 

The function of this arrangement is basically as follows. A first symbol 
is read by the input stage 20. The processor 21 checks whether this symbol 
corresponds to more than one symbol sequence in the codeword memory 
22 and if so, the next symbol is read. This process is repeated until the 
sequence of symbols read corresponds to only one codeword. This 
codeword is then emitted in place of the symbol sequence and is either 
stored in the memory 24 or sent directly to an external device via the 
telemetry transmission unit 26. If a symbol read corresponds to no coded 
sequences it is transmitted unchanged to the storage memory 24 or 
transmission unit 26 but preceded by the codeword 254 indicating 
uncompressed data. 

The addresses 0 to 255 of the codebook memory 22 are the 
codewords. The processor 21 furthermore performs a mapping between the 
incoming symbols that form at least part of a coded sequence and each 
memory cell 221 . This is illustrated in more detail in Fig. 9. The first symbol 
in a sequence will cause the processor 21 to access the first memory cell, in 
ascending order of address, to which the symbol is mapped. These first 
memory cells 221 correspond to the first branches in a probability tree. Thus 
if the first symbol in a sequence is '1', the processor 21 will access the fourth 
memory location (address 3), since this is the first location 221 to which a '1 ' 
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is mapped. Each memory cell 221 further contains information indicating 
whether the mapped symbol corresponds to more than one coded symbol 
sequence. This information is shown on the right hand side of each memory 
cell 221. The information is in the form of a code represented by the 

5 numbers 0 to 7, which indicate both the number of possible further branches 
and the following symbols corresponding to the further branches. A 
conversion table 25 shows the significance of each number. Hence it can 
be seen that '0' indicates an end branch, '2' represents two possible further 
branches with the following symbols '1' and '2'. Any symbol mapped to a 

10 memory cell 221 containing a '0' will result in the processor 21 transmitting 
the address of the memory cell as a codeword. Any other number contained 
in the memory cell 221 indicates that at least one further branch is possible. 
The processor 21 then fetches the next symbol from the Input stage 20 and 
determines whether this symbol forms part of the possible codewords. If it 

1 5 does, the processor 21 calculates the address of the next memory cell 221 
and the process is repeated. 

The next address is calculated by summing the number of possible 
branches contained in all addresses starting from the first address up to the 
present address, and then adding the position of the fetched symbol in the 

20 list of possible symbols given in the conversion table 25. The sum of 
possible branches is equal to the sum of the first mapped memory locations 
representing the initial branches of the probability tree and the possible 
branches stored in all previous memory locations. Thus an input sequence 
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consisting of 1 , 2 would result in a first mapping being made to memory 
location 3. This contains the code 5, which indicates that four further 
branches are possible. The next symbol is fetched. It is verified that '2' 
corresponds to one of the possible branches. The symbol '2' has the fourth 
5 position in the list of branches (-1 ,0,1,2) given in the conversion table 25. 
Thus the sequence 1 , 2 is a valid coded sequence. The next address is 
equal to the sum of the initial basic branches (i.e. the addresses to which a 
first symbol can be mapped), which in the present example is 5 (addresses 
0 to 4). To this is added the sum of the branches contained in memory 

1 0 locations up to address 3, and the position of the subsequent symbol in the 
list indicated in memory location 3. This gives a total of 5 + (3 + 1 + 2) + 4 
= 15. The next address is thus the 15th location or address 14. since the 
addresses start with 0. This is verified by the mapping of the symbol 2 
indicated in the left column of the cell with address 14. 

15 The conversion table 25 alternatively may be more complex in 

structure and provide absolute memory locations corresponding to each 
possible branch. In this way the next address would not need to be 
calculated, but more storage capacity would be needed. 

The conversion table is preferably stored in the processor 21. 

20 However, it may be possible to store some of the information about the 
branches in the codebook memory 22, depending on how much capacity is 
available for each address. 
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The arrangement illustrated in Fig. 8 is a schematic representation of 
possible encoding and decoding hardware. It will however, be understood 
that the functions of the various elements shown in Fig. 8 may be performed 
entirely in a digital processor system operating under the control of a 
program. The codebook memory 22 could then be implemented virtually 
from part of the memory space incorporated in the processor system. 

Fig. 10 is a flow chart illustrating the procedure for compressing data 
using the arrangement shown in Figs. 8 and 9. The procedure starts at step 
30 with the reading of a symbol. In step 31 it is determined whether the 
symbol is inside the designated range, i.e. whether the symbol forms part of 
a coded sequence and can be mapped to a memory location. If this is the 
case, the process moves to step 32 and the new memory address is 
calculated. In the following step 33 a marker, 'codeword^started', indicating 
that the coding of a sequence has started, is set. In step 34 it is verified 
whether the data last sent was uncompressed. If this is true, in step 35 the 
symbol indicating compression is sent. If the last data sent was in 
compressed mode, the process moves directly from step 34 to step 36, 
where the contents of the memory location are read and it is determined 
whether an end branch has been reached. If the end branch has not been 
reached the procedure returns to step 30 and the next symbol is fetched. If 
the end branch is reached, the procedure passes to step 38, where the 
memory address is sent as the codeword. In step 39, the memory address 
is reset to 0 and in step 40. the marker 'codeword_started' is reset to false, 
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because the coding of a symbol or symbol sequence Is temnlnated. The 
process then returns to step 30, and the next symbol fetched. If a symbol is 
discovered to be out of range in step 31 , indicating that the symbol does not 
form part of a coded sequence, the procedure goes to step 41 where the 
status of the marker 'codeword_started' is verified. If this is true, this means 
that a codeword has been started, but the subsequent symbol does notfomn 
part of the coded sequence. In step 42, therefore, the memory address is 
sent as the codeword. The memory address is then reset to 0 in step 43, the 
marker 'codeword_started' reset to false in step 44 and the procedure 
returns to step 31 , where the fetched symbol is checked against the starting 
symbols of coded sequences to verify if it forms part of a coded sequence. 
If in step 41, it is determined that no codeword has been started, i.e. the 
status of the 'codeword_started' marker is false, this means that the fetched 
symbol is not contained in any coded sequence. In step 45, the transmission 
mode is checked. If the last data sent was compressed, the symbol 
indicating uncompressed data is sent in step 46 followed by the read symbol 
in step 47. If the last transmission was not in compression mode, the symbol 
is sent in step 47. The procedure then returns to the start at step 30. 

Decompression is the exact reverse of the compression procedure 
described above. Each codeword is converted into the corresponding 
symbol or symbol sequence. The symbols are then summed to retrieve the 
original uncompressed data. 
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Figs. 11a to lie illustrate an example using the coding algorithm 
described above. The algorithm was first trained, i.e. the codebook 
generated, using an lEGM signal containing 10000 samples sampled at 512 
Hz with 8-bit resolution. The training signal is illustrated in Fig. 11a. The 
algorithm was then tested on an lEGM signal containing 10000 samples 
sampled at 512 Hz with 8-bit resolution. This uncompressed test signal is 
depicted in Fig. 11b. Fig. 11c shows the signal after compression. This 
signal contains 2149 samples which gives a compression ratio of 4.6. Fig. 
11d shows the signal of Fig. 11c after decompression. Finally, Fig. lie 
shows the difference signal between the original signal depicted in Fig. 1 1 b 
and the decompressed signal of Fig. lid. The signal is entirely free of 
distortion. 

In the coding procedures described above, a codeword is allocated 
to every node and end branch of a probability tree. It will, however, be 
understood that codewords could be assigned only to the end branches of 
the tree. 

Although modifications and changes may be suggested by those 
skilled in the art, it is the intention of the inventor to embody within the patent 
warranted hereon all changes and modifications as reasonably and properly 
come within the scope of his contribution to the art. 
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SPECIFICATION 
TITLE 

"COMPRESSION AND DECOMPRESSION CODING SCHEME 

AND APPARATUS" 
5 BACKGROUND OF THE INVENTION 

Field of the Invention 

fField of invention] 

The present invention relates generally to a coding scheme and 

apparatus for the compression and decompression of data. It is particularly 
1 0 directed to the compression of signals that exhibit so-called memory, where 

a portion of a signal depends on the value of a preceding portion. The 

invention has particular application to medical systems, such as implantable 

pacemaker devices, which have limited memory but require the storage of 

large quantities of data. 
15 Description of the Prior Art 

[Background art] 

Medical systems for [the] monitoring [of] physiological functions are 
becoming more complex as the need for diagnostic applications increases. 
In particular there is a need for' intracardial detection systems and 
20 pacemaker systems capable of storing ever increasing numbers of signals, 
such as [electrocardiagram] electrocardiogram signals (EGG and lEGM), 
pressure signals and bioimpedence signals or the like, of ever increasing 
length. However, the available memory space for data storage is often 
restricted, particularly in implanted pacemaker systems. Perhaps more 
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importantly in implanted systems, the amount of data that may be collected 
is also restricted by the transmission capacity of a telemetry link between an 
implanted device and its programmer or other external control device. For 
example, a defibrillator today typically requires a transmission time of up to 
5 40 minutes for downloading to its controller all the data that can be collected. 
If the required quantities of data are to be made available for processing, this 
data must be compressed. 

Data compression can generally be divided into two forms. A first 
form is based on viewing a signal as a mathematical function and observing 

10 and [utilising] utilizing characteristics of this function to compress data. The 
second form [utilises] utilizes coding theory and is based on the statistics of 
multiple discrete signal levels, or symbols, occurring in a signal. 

A conventional algorithm working according to this latter principle is 
the Tunstall code. This code maps variable-length symbol segments of an 

1 5 input signal into fixed-length codewords. Since the codeword length is fixed, 
the number of codewords n is known in advance. The object is to assign 
codewords to symbol segments that occur with approximately equal 
probability. The procedure begins with a set of symbol segments consisting 
of each of the individual symbols occurring in the input signal, [say] such as 

20 m symbols in [all] total . The most probable symbol is then removed from the 
set and replaced by m new segments, each of which is the removed symbol 
suffixed by one of the m input symbols. This procedure continues until the 
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number of symbol segments, Manager, in the set is equal to the number of 
codewords, n. The codewords are then assigned to the symbol segments. 

An example of Tunstall encoding is illustrated in Figs. 1 and 2. Fig. 
1 shows a probability tree comprising nodes, and branches emanating from 
each node. In the illustrated example it is assumed that S codewords are 
available for compressing data, 1 to 8. The tree in Fig. 1 assumes that a 
source signal comprises two signals, '0' and '1 '. Each symbol is represented 
by a first branch. The probability a symbol occurring is given at the node 
terminating the associated branch. Hence a '0' occurs with a probability of 
0.6 and a '1' occurs with a probability of 0.4. The branch with the highest 
probability is expanded further by adding a second series of branches for 
each possible symbol. The '0' branch is thus bifurcated into a second '0' 
branch with a total probability of 0.36 and a '1 ' branch with probability 0.24. 
The first branch for symbol '1' now has the highest probability and is 
expanded In turn, resulting in two further branches with probability of 0.24 
and 0.16. This process continues until the number of end branches equals 
the number of codewords, in the present example 8, with the probability of 
each branch occurring being relatively close. Each end branch represents 
a sequence of symbols. These sequences are assigned a codeword as 
shown in Fig. 2. 

A problem associated with Tunstall encoding is that signals containing 
a large number of different symbols, for instance a large number of discrete 
signal levels, require a very large number of codewords. For example, in a 
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pacemaker system, a typical electrogram or lEGM signal is represented by 
S bits sampled at 51 2 Hz. The number of symbols in this signal is thus 256. 
A Tunstall codebook for this signal would have to contain at least 256 
codewords just to cover the different individual symbols. In order to obtain 
5 compression of the signal, the branches must be expanded further which 
adds a further 256 codewords per branch. The Tunstall code is a general- 
purpose data compression algorithm and is not adapted to special classes 
of data. In particular it is not effective when applied to signals which exhibit 
memory. Typically, many of the signals monitored by medical systems, and 

10 cardiac pacers in particular, exhibit some memory, one example being the 
lEGM signal. The use of Tunstall encoding for processing sampled data in 
medical systems, and specifically implanted systems, is thus limited. 

SUMMARY OF THE INVENTION 
[In the light of this prior art, it] it is an object of the present invention 

15 to provide a coding method and apparatus that allows a signal exhibiting 
memory to be compressed and decompressed efficiently and without 
distortion. 

[SUMMARY OF INVENTION] 

[Viewed from one aspect,] The above object i s achieved in 
20 accordance with the present invention [proposes] in a data coding method 
for converting a signal containing a plurality of symbols into codeword, and 
an apparatus and software product for implementing the method, including 
the steps of: establishing a set of codewords, [observing] monitoring a data 
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signal and determining the most frequently occurring symbols and/or 
sequences of symbols containing at least two symbols, allocating one 
codeword to each of the most frequently occurring of said symbols and/or 
symbol sequences. 

According to a further aspect, the invention provides a data 
compression method for compressing a data signal containing a plurality of 
symbols, including: converting the most frequently occurring symbols and/or 
symbol sequences into codewords, supplementing the remaining symbols 
with at least one codeword indicative of no compression. 

The invention further proposes an arrangement for compressing and 
decompressing a data signal containing a plurality of symbols, including: 
means for storing codewords corresponding to symbols and/or symbol 
sequences, and means for determining if a symbol in said data signal 
corresponds to at least one codeword in the storage means and, when a 
symbol corresponds to only one codeword, for transmitting said codeword, 
wherein the determining means are further adapted to transmit a symbol if 
it corresponds to no codeword in the storage means. 

According to a fourth aspect, the invention proposes a computer 
program product for converting a signal containing a plurality of symbols into 
a compressed signal, including computer readable program code means for 
establishing a set of codewords, determining the most frequently occurring 
symbols and/or sequences of symbols containing at least two symbols in a 
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data signal and allocating one codeword to each of the most frequently 

occurring of said symbols and/or symbol sequences. 

« 

By providing codewords to only the most frequently occurring symbols 
and symbols sequences, the number of codewords required is greatly 
5 reduced. At the same time however the efficiency of the compression is 
increased, as these codewords are allocated to the varying length symbol 
sequences that appear with the highest frequency in the signal. This 
compression technique furthermore fully exploits any memory in a signal. A 
further difference over prior art coding schemes and the Tunstall code in 
1 0 particular is that codewords may be allocated to every node and end branch 
in a coding tree and not just the end branches. This is also particularly 
useful when compressing signals that exhibit memory such as signals 
monitoring physiological quantities such as the heartbeat, respiration rate 
and the like. 

15 [BRIEF DESCRIPTION OF THE DRAWINGS 

Further objects and advantages of the present invention will become 
apparent from the following description of the preferred embodiments that 
are given by way of example with reference to the accompanying drawings, 
in which: 

20 Fig. 1 depicts a coding tree illustrating the Tunstall encoding 

algorithm; 

Fig. 2 depicts a coding table corresponding to the coding tree of Fig. 
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Fig. 3 depicts a schematic bloci< diagram of an encoder/decoder 

(compressor/decompressor) according to the present invention. 
Figs. 4a depicts a series of histograms illustrating the generation of a 
To 4e codebook according to the present invention; 

Fig. 5 depicts a coding tree corresponding to the histograms of Fig. 

3; 

Fig. 6 depicts a codebook corresponding to the tree of Fig. 4; 

Fig. 7 is a schematic illustration of a pre-processing function in 

accordance with the present invention. 
Fig. 8 is a schematic diagram showing an arrangement for 

compressing and decompressing data according to the present 

invention; 

Fig. 9 is a schematic illustration of a codebook memory illustrating 

the mapping between symbols and memory locations; 
Fig. 10 is a flow chart illustrating a method for compressing data 

utilising the arrangement of Fig. 8; and 
Figs 1 la to show a sequence of graphs illustrating the compression and 
1 1 e subsequent decompression of an lEGM signal. 

DETAILED DESCRIPTION OF THE DRAWINGS] 

DESCRIPTION OF THE DRAWINGS 
Fig. 1 . as noted above, depicts a coding tree illustrat ing the Tunstall 
encodino algorithm. 
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Fig. 2. as noted above, depicts a coding table corresponding to the 

coding tree of Fig 1 . 

Fig. 3 is a schematic block diagram of a n encoder/decoder 
(compressor/decompressor) according to the prese nt invention. 

Figs. 4a through 4e are a series of histog rams illustrating the 
generation of a codebook according to the present invention. 

Fig. 5 depicts a coding tree corresponding to t he histograms of Figs. 
4a through 4e. 

Fig. 6 depicts a codebook corresponding to th e coding tree of Fig. 5. 

Fig. 7 is a schematic illustration of a pre-pro cessing function in 
accordance with the present invention. 

Fig. 8 is a schematic diagram of an arrangement for compressing a nd 
decompressing data according to the present invention. 

Fi g. 9 is a schematic illustration of a code book memorv illustrating the 
mapping between svmbols and memorv locations in accordance wit h the 
invention. 

Fig. 10 is a flowchart illustrating a method for compressing data 
utilizing the inventive arrangem ent of Fig. 8. 

Figs. 11a through 11e are a seouence of graph ?^ illustrating the 
compression and subseouent decompre ssion of an lEGM signal, in 
accordance with the present invention. 
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DESCRIPTION OF THE PREFERRED EMBODIMENTS 



The compressing and decompression scheme according to the 
present invention is based on the representation of a data signal containing 
a plurality of symbols into coded form [utilising] utilizing codewords of fixed 
5 length. The symbols contained in an input signal may be digital 
representations of characters, such the ASCII format. Typically, however, 
the symbols will be binary representations of discrete signal levels in a 
sampled analogue signal, such as an EGG, lEGM or other signals for 
monitoring physiological activity. 

10 Fig. 3 schematically illustrates the function of an encoder/decoder for 

compressing and decompressing a data signal. The data signal contains a 
plurality of symbols which are read by a symbol reader 1 and relayed to an 
encoder/decoder 2. The encoder/decoder 2 has access to a storage 
medium 3 containing a codebook of the fixed-length codewords. The input 

15 symbols or symbol sequences are mapped to codewords in the codebook 
3 and replaced by the corresponding codeword. The reduction of symbols 
and symbol sequences of variable length into codewords results in the 
compression of the data. Decompression is accomplished by inverting the 
operation. Codewords are passed through the encoder/decoder 2, which 

20 with the aid of the mapping to the codebook 3 reconstitutes the original input 
sequence. 

The generation of a codebook according to the present invention 
commences with determining the number of codewords to be used. This is 
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selected as a function of the total number of symbols contained in an input 
signal and the degree of compression required. 

The codebook is generated by observing the input signal during a test 
phase and determining the probabilities of the symbols and sequences of 
symbols occurring. This is accomplished by observing the input signal during 
a set time period, for example 20 s, and noting the symbol that occurs with 
the highest frequency during this period. The signal is then observed again 
for the same time period and the symbol that follows the noted symbol most 
frequently is noted. This process continues until the number of most 
frequently occurring symbols and/or symbol sequences noted is equal to the 
number of codewords in the codebook. It will be understood, that only those 
symbols or symbol sequences that occur most frequently will be coded. This 
allows the number of codewords to be kept to a reasonable number. 

A simplified example of this process is illustrated in Figs. [4] 4a-4e, 5 
and 6 with reference to the generation of a codebook containing 8 symbols. 
The input signal consists of 5 symbols 1, 2, 3, 4, 5. 

Turning now to Fig. 4a, a first histogram is produced after observing 
the input signal for a set period. It is evident that the most frequently 
occurring symbol is 3 with an occurrence of 50. Fig. 4b shows a histogram 
produced after the same period of time and gives the frequency of the 
different symbols that follow 3. Thus the sequence 32 has occurred ten 
times, the sequence 33 fifteen times, and the sequence 34 twelve times. 
Fig. 4c shows a histogram of the symbols following 2 and Fig. 4d shows a 
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histogram of the symbols following the symbol sequence 3. 3. Finally Fig. 
4e shows the histogram of the symbols following the symbol 4. The 
codebook is established by determining which of the 8 symbols and/or 
symbol sequences occurred most frequently. This is illustrated schematically 
5 in a code tree in Fig. 5. In this code tree, a codeword has been assigned to 
every node and end branch. Hence the symbol 3 has been allocated the 
codeword *2' but the symbol sequence 33 has also been allocated a 
codeword, '5' and the symbol sequence 332 has been allocated the 
codeword '8'. This is [summarised] summarized in tabular form in Fig. 6. 

10 It is apparent from the above example that codewords are not 

assigned to every symbol of an input signal. Thus when these unassigned 
symbols are read by an encoder, the symbol is transmitted uncompressed. 
To distinguish the uncompressed data from the compressed data, it is 
[preferably] preferable to [utilise] utilize some form of distinguishing symbol 

15 or codeword. Thus at least one codeword will be reserved for transmitting 
uncoded input symbols. 

Depending on the signal to be compressed, it may be desirable to pre- 
process the signal in order to increase the frequency of a very few symbols 
and sequences. This considerably increases the efficiency of the 

20 compression. For example, pre-processing can be very effective when 
compressing sampled lEGM, EGG or other physiological signals that monitor 
some form of periodic activity. 
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Fig. 7 schematically illustrates the preferred function of such a pre- 
processor. In Fig. 7 an input data stream denoted by 10 comprises the 
symbols IEGMn-1, lEGMn, IEGMn+1 and lEGMn+2. The function generates 
the difference symbol value between a symbol and a preceding symbol. The 
output data stream 1 2 thus comprises the symbols (lEGMn - IEGMn-1 ) and 
(IEGMn-1 - IEGMn-2), etc. 

In a preferred embodiment of the present invention, the compression 
coding scheme according to the invention is used to compress an lEGM 
signal comprising 255 symbols ranging from 0 to 254. After pre-processing 
in accordance with the function of Fig. 7. the signal contains 509 possible 
symbols, ranging from -254 to +254. However, while the number of possible 
symbols has almost doubled, the form of the original lEGM signal is such 
that the processed signal contains mainly symbols close to 0 such as 1 , -1 , 
2, -2 etc. Thus the concentration of a very few symbols and symbol 
sequences is increased by the difference function. 

A codebook generated for a pre-processed lEGM signal of the type 
described above can typically be efficiently compressed [utilising] utilizing a 
codebook containing 254 codewords, for example 254 8-bit words ranging 
from 0 to 253. The 254 most frequently occurring symbols and/or symbol 
sequences are then converted Into codewords. The 8-bit words with values 
254 and 255 are then reserved. These are [utilised] utilized to signal 
whether data is compressed or uncompressed. Preferably, one reserved 
codeword, for example 255, is sent to indicate that uncompressed data 
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follows. The other codeword 254 can then be [utilised] utilized to signal that 
compressed data is following. To avoid having to generate different symbols 
for negative and positive symbols, an uncompressed negative symbol is 
preferably indicated by preceding it with both symbols sent contiguously, for 
5 example, 255 followed by 254 followed by the uncompressed equivalent 
positive symbol. 

The codebook is preferably generated for a class of signals and 
retained for different signals of the same class so that it does .not need to be 
re-established prior to compressing data. For example, a cardiac pacer 

10 containing data compression and decompression circuitry for processing 
some physiological measurement such as an lEGM signal, EGG signal or 
bioimpedence signal could be subjected to a training phase for each patient 
to establish a codebook that is specific to each patient. The training phase 
could also be performed using a test sequence that is representative of the 

1 5 class of signal, so that one codebook is used for several patients. A further 
option would be to [utilise] utilize an adaptive procedure, whereby the 
statistics of the signal are observed and a codebook newly generated prior 
to each compression. This codebook would then be [optimised] optimized 
for each signal generated in a pacemaker. However, it will be understood 

20 that the codebook must be retained long enough to enable the compressed 
data to be decompressed. 

In the coding procedures described above, a codeword is allocated 
to every node and end branch of a probability tree. It will, however, be 
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understood that codewords could be assigned only to the end branches of 
the tree. The efficiency of such a code would depend on the characteristics 
of the starting signal. 

An arrangement for encoding and decoding a signal is illustrated in 
5 Fig. 8. The arrangement includes an input stage 20 for reading a symbol. 
A processor 21, that preferably takes the form of a single chip 
microprocessor with associated memory, is coupled to the input stage. A 
codebook memory 22 having 256 8-bit memory locations with addresses 
from 0 to 255 is connected to the processor 21 . An output stage 23 for the 

10 codewords is coupled to the memory 22 and processor 21. This output 
stage 23 is finally coupled to a storage memory 24 for storing the 
compressed data and to a telemetry transmission unit 26, which forwards the 
data to a remote external programmer or controller. The input stage 20 is 
also coupled to the storage memory 24 and telemetry transmission unit 26 

15 for transmitting uncompressed data. The encoding and decoding 
arrangement is preferably preceded by a preprocessing stage as shown in 
Fig. 7. 

The function of this arrangement is basically as follows. A first symbol 
is read by the input stage 20. The processor 21 checks whether this symbol 
20 corresponds to more than one symbol sequence in the codeword memory 
22 and if so, the next symbol is read. This process is repeated until the 
sequence of symbols read corresponds to only one codeword. This 
codeword is then emitted in place of the symbol sequence and is either 
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stored in the memory 24 or sent directly to an external device via the 
telemetry transmission unit 26. If a symbol read corresponds to no coded 
sequences it is transmitted unchanged to the storage memory 24 or 
transmission unit 26 but preceded by the codeword 254 indicating 
5 uncompressed data. 

The addresses 0 to 255 of the codebook memory 22 are the 
codewords. The processor 21 furthermore performs a mapping between the 
incoming symbols that form at least part of a coded sequence and each 
memory cell 221 . This is illustrated in more detail in Fig. 9. The first symbol 

10 in a sequence will cause the processor 21 to access the first memory cell, in 
ascending order of address, to which the symbol is mapped. These first 
memory cells 221 correspond to the first branches in a probability tree. Thus 
if the first symbol in a sequence is '1 the processor 21 will access the fourth 
memory location (address 3), since this is the first location 221 to which a '1 ' 

15 is mapped. Each memory cell 221 further contains information indicating 
whether the mapped symbol corresponds to more than one coded symbol 
sequence. This information is shown on the right hand side of each memory 
cell 221. The information is in the form of a code represented by the 
numbers 0 to 7, which indicate both the number of possible further branches 

20 and the following symbols corresponding to the further branches. A 
conversion table 25 shows the significance of each number. Hence it can 
be seen that '0' indicates an end branch, '2' represents two possible further 
branches with the following symbols *V and '2\ Any symbol mapped to a 
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memory cell 221 containing a '0' will result in the processor 21 transmitting 
the address of the memory cell as a codeword. Any other number contained 
in the memory cell 221 indicates that at least one further branch is possible. 
The processor 21 then fetches the next symbol from the input stage 20 and 
5 determines whether this symbol forms part of the possible codewords. If it 
does, the processor 21 calculates the address of the next memory cell 221 
and the process is repeated. 

The next address is calculated by summing the number of possible 
branches contained in all addresses starting from the first address up to the 

10 present address, and then adding the position of the fetched symbol in the 
list of possible symbols given in the conversion table 25. The sum of 
possible branches is equal to the sum of the first mapped memory locations 
representing the initial branches of the probability tree and the possible 
branches stored in all previous memory locations. Thus an input sequence 

15 consisting of 1, 2 would result in a first mapping being made to memory 
location 3. This contains the code 5, which indicates that four further 
branches are possible. The next symbol is fetched. It is verified that '2' 
corresponds to one of the possible branches. The symbol '2' has the fourth 
position in the list of branches (-1 ,0.1,2) given in the conversion table 25. 

20 Thus the sequence 1 , 2 is a valid coded sequence. The next address is 
equal to the sum of the initial basic branches (i.e. the addresses to which a 
first symbol can be mapped), which in the present example is 5 (addresses 
0 to 4). To this is added the sum of the branches contained in memory 
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locations up to address 3, and the position of the subsequent symbol in the 
list indicated in nnemory location 3. This gives a total of 5 + (3 + 1 + 2) + 4 
= 15. The next address is thus the 15th location or address 14, since the 
addresses start with 0. This is verified by the mapping of the symbol 2 
5 indicated in the [left-hand] left column of the cell with address 14, 

The conversion table 25 [may] alternatively may be more complex in 
structure and provide absolute memory locations corresponding to each 
possible branch. In this way the next address would not need to be 
calculated, but more storage capacity would be needed. 

10 The conversion table is preferably stored in the processor 21. 

However, it may be possible to store some of the information about the 
branches in the [codeword] codebook memory 22. depending on how much 
capacity is available for each address. 

The arrangement illustrated in Fig. 8 is a schematic representation of 

15 possible encoding and decoding hardware. It will however, be understood 
that the functions of the various elements shown in Fig. 8 may be performed 
entirely in a digital processor system operating under the control of a 
program. The codebook memory 22 could then be implemented virtually 
from part of the memory space incorporated in the processor system. 

20 Fig. 1 0 is a flow chart illustrating the procedure for compressing data 

using the arrangement shown in Figs. 8 and 9. The procedure starts at step 
30 with the reading of a symbol. In step 31 it is determined whether the 
symbol is inside the designated range, i.e. whether the symbol forms part of 
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a coded sequence and can be nnapped to a memory location. If this is the 
case, the process moves to step 32 and the new memory address is 
calculated. In the following step 33 a marker, 'codeword_started', indicating 
that the coding of a sequence has started, is set. In step 34 it is verified 
whether the data last sent was uncompressed. If this is true, in step 35 the 
symbol indicating compression is sent. If the last data sent was in 
compressed mode, the process moves directly from step 34 to step 36, 
where the contents of the memory location are read and it is determined 
whether an end branch has been reached. If the end branch has not been 
reached the procedure retums to step 30 and the next symbol is fetched. If 
the end branch is reached, the procedure passes to step 38, where the 
memory address is sent as the codeword. In step 39, the memory address 
is reset to 0 and in step 40, the marker 'codeword_started' is reset to false, 
because the coding of a symbol or symbol sequence is terminated. The 
process then returns to step 30, and the next symbol fetched. If a symbol is 
discovered to be out of range in step 31 , indicating that the symbol does not 
form part of a coded sequence, the procedure goes to step 41 where the 
status of the marker 'codeword_started' is verified. If this is true, this means 
that a codeword has been started, but the subsequent symbol does not form 
part of the coded sequence. In step 42, therefore, the memory address is 
sent as the codeword. The memory address is then reset to 0 in step 43, the 
marker 'codeword_started' reset to false in step 44 and the procedure 
returns to step 31 , where the fetched symbol is checked against the starting 
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symbols of coded sequences to verify if it forms part of a coded sequence. 
If in step 41, it is determined that no codeword has been started, i.e. the 
status of the 'codeword_started' marl<er is false, this means that the fetched 
symbol is not contained in any coded sequence. In step 45, the transmission 
mode is checked. If the last data sent was compressed, the symbol 
indicating uncompressed data is sent in step 46 followed by the read symbol 
in step 47. If the last transmission was not in compression mode, the symbol 
is sent in step 47. The procedure then returns to the start at step 30. 

Decompression is the exact reverse of the compression procedure 
described above. Each codeword is converted Into the corresponding 
symbol or symbol sequence. The symbols are then summed to retrieve the 
original uncompressed data. 

Figs. 11a to lie illustrate an example using the coding algorithm 
described above. The algorithm was first trained, i.e. the codebook 
generated, using an lEGM signal containing 10000 samples sampled at 512 
Hz with 8-bit resolution. The training signal is illustrated in Fig. 11a. The 
algorithm was then tested on an lEGM signal containing 10000 samples 
sampled at 512 Hz with 8-bit resolution. This uncompressed test signal is 
depicted in Fig. 11b. Fig. 11c shows the signal after compression. This 
signal contains 2149 samples which gives a compression ratio of 4.6. Fig. 
11d shows the signal of Fig. 11c after decompression. Finally, Fig. 11e 
shows the difference signal between the original signal depicted in Fig. 11b 
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and the decompressed signal of Fig. 11d. The signal is entirely free of 
distortion. 

In the coding procedures described above, a codeword is allocated 
to every node and end branch of a probability tree. It will, however, be 
5 understood that codewords could be assigned only to the end branches of 
the tree. 

Although modifications and changes mav be suggested bv those 
skilled in the art, it is the intention of the inventor to embodv within t he patent 
warranted hereon all changes and modifications as reasonablv and properly 
10 come within the scope of his contribution to the art. 
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Compression and decompression coding scheme and ap paratus 
Field of invention 

5 The invention relates generally to a coding scheme and apparatus for the 

compression and decompression of data. It is particularly directed to the 
compression of signals that exhibit so-called memory, where a portion of a 
signal depends on the value of a preceding portion. The invention has 
particular application to medical systems, such as implantable pacemaker 

10 devices, which have limited memory but require the storage of large quantities 

of data. 

Background art 

Medical systems for the monitoring of physiological functions are becoming 
15 more complex as the need for diagnostic applications increases. In particular 

there is a need for intracardial detection systems and pacemaker systems 
capable of storing ever increasing numbers of signals, such as 
electrocardiagram signals (ECG and lEGM), pressure signals and 
bioimpedence signals or the like, of ever increasing length. However, the 
20 available memory space for data storage is often restricted, particularly in 

implanted pacemaker systems. Perhaps more importantly in implanted 
systems, the amount of data that may be collected is also restricted by the 
transmission capacity of a telemetry link between an implanted device and its 
programmer or other external control device. For example, a defibrillator 
25 today typically requires a transmission time of up to 40 minutes for 

downloading to its controller all the data that can be collected. If the required 
quantities of data are to be made available for processing, this data must be 
compressed. 

30 jpa^a^ipppe^ionyCaiv^g€^ 



Data compression can generally be divided into two forms, A first form is 
based on viewing a signal as a mathematical function and observing and 
utilising characteristics of this function to compress data. The second form 
utilises coding theory and is based on the statistics of multiple discrete signal 
levels, or symbols, occurring in a signal. 

An algorithm of the second type is flie Huffinan code, which is discussed in 
US 5,448,642. According to the Huffinan code, input data is parsed into fixed 
length sequences, which are then coded with variable length codewords 
depending on their probability. A further conventional algorithm working 
according to this latter principle is the Txmstall code. This code maps variable- 
length symbol segments of an input signal into fixed-length codewords- Since 
the codeword length is fixed, the number of codewords n is known in advance. 
The object is to assign codewords to symbol segments that occur with 
approximately equal probability. The procedure begins with a set of symbol 
segments consisting of each of the individual sjnnbols occurring in the input 
signal, say m symbols in all. The most probable symbol is then removed from 
the set and replaced by m new segments, each of which is the removed symbol 
suffixed by one of the m input symbols. This procedxu-e continues until the 
number of symbol segments, m, in the set is equal to the number of 
codewords, n. The codewords are then assigned to the symbol segments. 

An example of Ttmstall encoding is illustrated in Figs. 1 and 2. Fig. 1 shows a 
probability tree comprising nodes, and branches emanating from each node. In 
the illustrated example it is assumed that 8 codewords are available for 
compressing data, 1 to 8. The tree in Fig. 1 assimies that a source signal 
comprises two signals, '0* and '1\ Each symbol is represented by a first 
branch. The probability a symbol occurring is given at the node terminating 



flie associated branch. Hence a *0' occurs with a probability of 0.6 and a '1* 
occurs with a probability of 0.4. The branch with the highest probability is 
expanded furflier by adding a second series of branches for each possible 
s)niibol. The *0' branch is thus bifurcated into a second *0* branch with a total 
probability of 0.36 and a '1' branch with probability 0.24. The first branch for 
symbol now has the highest probability and is expanded in turn, resulting 
in two further branches with probability of 0.24 and 0.16. This process 
continues until the number of end branches equals the number of codewords, 
in the present example 8, with tiie probability of each branch occurring being 
relatively close. Each end branch represents a sequence of symbols. These 
sequences are assigned a codeword as shown in Fig. 2. 

A problem associated with Timstall encoding is that signals containing a large 
number of different symbols, for instance a large number of discrete signal 
levels, require a very large number of codewords. For example, in a 
pacemaker system, a typical electrogram or lEGM signal is represented by 8 
bits sampled at 512 Hz. The number of symbols in this signal is thus 256. A 
Tunstall codebook for this signal would have to contain at least 256 codewords 
just to cover the different individual s3anbols. In order to obtain compression 
of the signal, the branches must be expanded further which adds a further 256 
codewords per branch. The Tunstall code is a general-purpose data 
compression algorithm and is not adapted to special classes of data. In 
particular it is not effective when applied to signals which exhibit memory. 
Typically, many of the signals monitored by medical systems, and cardiac 
pacers in particular, exhibit some memory, one example being the EEGM 
signal. The use of Tunstall encoding for processing sampled data in medical 
systems, and specifically implanted systems, is thus limited. 

In the light of this prior art, it is an object of the present invention to provide a 



coding metiiod and apparatus that allows a signal exhibiting memory to be 
compressed and decompressed efficiently and without distortion. 

SUMMARY OF INVENTION 

Viewed from one aspect, the present invention proposes a data coding method 
for converting a signal containing a plurality of symbols into codewords, 
including the steps of: establishing a set of fixed-length codewords, observing 
a data signal and determining the most frequently occurring symbols and/or 
sequences of symbols containing at least two symbols, allocating one 
codeword to each of the most frequently occurring of said symbols and/or 
symbol sequences and reserving at least one codeword to serve as indicator for 
imcoded symbols. 

According to a ftirther aspect, the invention provides a data compression 
method for compressing a data signal containing a plurality of symbols, 
including: converting the most frequently occurring symbols and/or symbol 
sequences into one of a set of fixed-length codewords, supplementing the 
remaining symbols with at least one codeword indicative of no compression. 

The invention fiirther proposes an arrangement for compressing and 
decompressing a data signal containing a plurality of symbols, including: 
means for storing fixed-length codewords corresponding to symbols and/or 
symbol sequences with at least one codeword reserved for indicating no 
compression, and means for determining if a symbol in said data signal 
corresponds to at least one codeword in the storage means and, when a symbol 
corresponds to only one codeword, for transmitting said codeword, wherein 
the determining means are ftirther adapted to transmit a symbol supplemented 
by said at least one reserved codeword if it corresponds to no codeword in the 
storage means. 
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According to a fourth aspect, the invention proposes a computer program 
product for converting a signal containing a plurality of S3mibols into a 
compressed signal, including computer readable program code means for 
establishing a set of fixed-length codewords, determining the most fi-equently 
occurring symbols and/or sequences of symbols containing at least two 
symbols in a data signal, allocating one codeword to each of the most 
fi*equently occurring of said symbols and/or symbol sequences and 
reserving at least one codeword to serve as indicator for uncoded sjonbols. 

By providing codewords to only the most firequently occurring symbols and 
symbols sequences, the number of codewords required is greatly reduced. At 
the same time however the efficiency of the compression is increased, as diese 
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codewords are allocated to the varying length symbol sequences that appear 
with the highest frequency in the signal. This compression technique 
furthermore fully exploits any memory in a signal. A further difference over 
prior art coding schemes and the Tunstall code in particular is that codewords 
may be allocated to every node and end branch in a coding tree and not just 
the end branches. This is also particularly useful when compressing signals 
that exhibit memory such as signals monitoring physiological quantities such 
as the heartbeat, respiration rate and the like. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Further objects and advantages of the present invention will become apparent 
from the following description of the preferred embodiments that are given by 
way of example with reference to the accompanying drawings, in which: 



Fig. 1 depicts a coding tree illustrating the Tunstall encoding algorithm; 

Fig. 2 depicts a coding table corresponding to the coding tree of Fig. 1 

Fig. 3 depicts a schematic block diagram of an encoder/decoder 
(compressor/decompressor) according to the present invention. 

Figs. 4a depicts a series of histograms illustrating the generation of a 

To 4e codebook according to the present invention; 

Fig. 5 depicts a coding tree corresponding to the histograms of Fig. 3; 

Fig. 6 depicts a codebook corresponding to the tree of Fig. 4; 

Fig. 7 is a schematic illustration of a pre-processing function in 
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accordance with the present invention. 

Fig, 8 is a schematic diagram showing an arrangement for compressing 

and decompressing data according to the present invention; 

Fig. 9 is a schematic illustration of a codebook memory illustrating the 

mapping between symbols and memory locations; 

Fig. 10 is a flow chart illustrating a method for compressing data 
utilising the arrangement of Fig. 8; and 

Figs 1 la to show a sequence of graphs illustrating the compression and 
1 le subsequent decompression of an lEGM signal. 

DETAILED DESCRIPTION OF THE DRAWINGS 

The compressing and decompression scheme according to the present 
invention is based on the representation of a data signal containing a plurality 
of symbols into coded form utilising codewords of fixed length. The symbols 
contained in an input signal may be digital representations of characters, such 
the ASCII format. Typically, however, the symbols will be binary 
representations of discrete signal levels in a sampled analogue signal, such as 
an ECG, lEGM or other signals for monitoring physiological activity. 

Fig. 3 schematically illustrates the function of an encoder/decoder for 
compressing and decompressing a data signal. The data signal contains a 
plurality of symbols which are read by a symbol reader 1 and relayed to an 
encoder/decoder 2. The encoder/decoder 2 has access to a storage medium 3 
containing a codebook of the fixed-length codewords. The input symbols or 
symbol sequences are mapped to codewords in the codebook 3 and replaced 
by the corresponding codeword. The reduction of symbols and symbol 
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sequences of variable length into codewords results in the compression of the 
data. Decompression is accomplished by inverting the operation. Codewords 
are passed through the encoder/decoder 2, which with the aid of the mapping 
to the codebook 3 reconstitutes the original input sequence. 

The generation of a codebook according to the present invention commences 
with determining the number of codewords to be used. This is selected as a 
function of the total number of symbols contained in an input signal and the 
degree of compression required. 

The codebook is generated by observing the input signal during a test phase 
and determining the probabilities of the symbols and sequences of symbols 
occurring. This is accomplished by observing the input signal during a set 
time period, for example 20 s, and noting the symbol that occurs with the 
highest frequency during this period. The signal is then observed again for the 
same time period and the symbol that follows the noted symbol most 
frequently is noted. This process continues until the number of most 
frequently occurring symbols and/or symbol sequences noted is equal to the 
number of codewords in the codebook. It will be understood, that only those 
symbols or symbol sequences that occur most frequently will be coded. This 
allows the number of codewords to be kept to a reasonable number. 

A simplified example of this process is illustrated in Figs. 4, 5 and 6 with 
reference to the generation of a codebook containing 8 symbols. The input 
signal consists of 5 symbols 1,2,3»4,5. 

Turning now to Fig. 4a, a first histogram is produced after observing the input 
signal for a set period. It is evident that the most frequently occurring symbol 
is 3 with an occurrence of 50. Fig. 4b shows a histogram produced after the 
same period of time and gives the frequency of the different symbols that 
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follow 3. Thus the sequence 32 has occurred ten times, the sequence 33 fifteen 
times, and the sequence 34 twelve times. Fig. 4c shows a histogram of the 
symbols following 2 and Fig. 4d shows a histogram of the symbols following 
the symbol sequence 3, 3. Finally Fig, 4e shows the histogram of the symbols 
following the symbol 4, The codebook is established by determining which of 
the 8 symbols and/or symbol sequences occurred most frequently. This is 
illustrated schematically in a code tree in Fig. 5. In this code tree, a codeword 
has been assigned to every node and end branch. Hence the symbol 3 has 
been allocated the codeword *2' but the symbol sequence 33 has also been 
allocated a codeword, '5' and the symbol sequence 332 has been allocated the 
codeword *8\. This is summarised in tabular form in Fig. 6. 

It is apparent from the above example that codewords are not assigned to 
every symbol of an input signal. Thus when these unassigned symbols are read 
by an encoder, the symbol is transmitted uncompressed. To distinguish the 
uncompressed data from the compressed data, it is preferably to utilise some 
form of distinguishing symbol or codeword. Thus at least one codeword will 
be reserved for transmitting uncoded input symbols. 

Depending on the signal to be compressed, it may be desirable to pre-process 
the signal in order to increase the frequency of a very few symbols and 
sequences. This considerably increases the efficiency of the compression. For 
example, pre-processing can be very effective when compressing sampled 
lEGM, ECG or other physiological signals that monitor some form of periodic 
activity. 

Fig. 7 schematically illustrates the preferred function of such a pre-processor. 
In Fig. 7 an input data stream denoted by 10 comprises the symbols IEGMn-1, 
lEGhfln, IEGMn+1 and IEGMn+2. The function generates the difference 
symbol value between a symbol and a preceding symbol. The output data 
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Stream 12 thus comprises the symbols (lEGMn - IEGMn-1) and (lEGMn-l - 
IEGMn-2), etc. 

In a preferred embodiment of the present invention, the compression coding 
5 scheme according to the invention is used to compress an lEGM signal 

comprising 255 symbols ranging from 0 to 254. After pre-processing in 
accordance with the function of Fig. 7, the signal contains 509 possible 
symbols, ranging from -254 to +254. However, while the number of possible 
symbols has almost doubled, the form of the original lEGM signal is such that 
10 the processed signal contains mainly symbols close to 0 such as 1, -1, 2, -2 etc. 

Thus the concentration of a very few symbols and symbol sequences is 
increased by the difference function. 

A codebook generated for a pre-processed lEGM signal of the type described 
15 above can typically be efficiently compressed utilising a codebook containing 

254 codewords, for example 254 8-bit words ranging from 0 to 253. The 254 
most frequently occurring symbols and/or symbol sequences are then 
converted into codewords. The 8-bit words with values 254 and 255 are then 
reserved. These are utilised to signal whether data is compressed or 
20 uncompressed.. Preferably, one reserved codeword, for example 255, is sent to 

indicate that uncompressed data follows. The other codeword 254 can then be 
utilised to signal that compressed data is following. To avoid having to 
generate different symbols for negative and positive symbols, an 
uncompressed negative symbol is preferably indicated by preceding it with 
25 both symbols sent contiguously, for example, 255 followed by 254 followed 

by the uncompressed equivalent positive symbol. 

The codebook is preferably generated for a class of signals and retained for 
different signals of the same class so that it does not need to be re-established 
30 prior to compressing data. For example, a cardiac pacer containing data 
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compression and decompression circuitry for processing some physiological 
measurement such as an lEGM signal, ECG signal or bioimpedence signal 
could be subjected to a training phase for each patient to establish a codebook 
that is specific to each patient. The training phase could also be performed 
using a test sequence that is representative of the class of signal, so that one 
codebook is used for several patients. A further option would be to utilise an 
adaptive procedure, whereby the statistics of the signal are observed and a 
codebook newly generated prior to each compression. This codebook would 
then be optimised for each signal generated in a pacemaker. However, it will 
be understood that the codebook must be retained long enough to enable the 
compressed data to be decompressed. 

In the coding procedures described above, a codeword is allocated to every 
node and end branch of a probability tree. It will, however, be understood that 
codewords could be assigned only to the end branches of the tree. The 
efficiency of such a code would depend on the characteristics of the starting 
signal. 

An arrangement for encoding and decoding a signal is illustrated in Fig. 8. 
The arrangement includes an input stage 20 for reading a symbol. A processor 
21, that preferably takes the form of a single chip microprocessor with 
associated memory, is coupled to the input stage. A codebook memory 22 
having 256 8-bit memory locations with addresses from 0 to 255 is connected 
to the processor 21. An output stage 23 for the codewords is coupled to the 
memory 22 and processor 21. This output stage 23 is finally coupled to a 
storage memory 24 for storing the compressed data and to a telemetry 
transmission unit 26, which forwards the data to a remote external 
programmer or controller. The input stage 20 is also coupled to the storage 
memory 24 and telemetry transmission unit 26 for transmitting uncompressed 
data. The encoding and decoding arrangement is preferably preceded by a pre- 
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processing stage as shown in Fig. 7. 

The function of this arrangement is basically as follows. A first symbol is read 
by the input stage 20. The processor 21 checks whether this symbol 
corresponds to more than one symbol sequence in the codeword memory 22 
and if so, the next symbol is read. This process is repeated until the sequence 
of symbols read corresponds to only one codeword. This codeword is then 
emitted in place of the symbol sequence and is either stored in the memory 24 
or sent directly to an external device via the telemetry transmission unit 26. If 
a symbol read corresponds to no coded sequences it is transmitted unchanged 
to the storage memory 24 or transmission unit 26 but preceded by the 
codeword 254 indicating uncompressed data. 

The addresses 0 to 255 of the codebook memory 22 are the codewords. The 
processor furthermore performs a mapping between the incoming symbols that 
form at least part of a coded sequence and each memory cell 221. This is 
illustrated in more detail in Fig. 9. The first symbol in a sequence will cause 
the processor to access the first memory cell, in ascending order of address, to 
which the symbol is mapped. These first memory cells 221 correspond to the 
first branches in a probability tree. Thus if the first symbol in a sequence is 
* r, the processor 21 will access the fourth memory location (address 3), since 
this is the first location 221 to which a *r is mapped. Each memory cell 221 
further contains information indicating whether the mapped symbol 
corresponds to more than one coded symbol sequence. This information is 
shown on the right hand side of each memory cell 221. The information is in 
the form of a code represented by the numbers 0 to 7, which indicate both the 
number of possible further branches and the following symbols corresponding 
to the further branches. A conversion table 25 shows the significance of each 
number. Hence it can be seen that *0' indicates an end branch, *2' represents 
two possible further branches with the following symbols 'V and '2\ Any 
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symbol mapped to a memory cell 221 containing a '0' will result in the 
processor transmitting the address of the memory cell as a codeword. Any 
other number contained in the memory cell 221 indicates that at least one 
further branch is possible. The processor 2 1 then fetches the next symbol from 
the input stage 20 and determines whether this symbol forms part of the 
possible codewords. If it does, the processor calculates the address of the next 
memory cell 221 and the process is repeated. 

The next address is calculated by summing the number of possible branches 
contained in all addresses starting from the first address up to the present 
address, and then adding the position of the fetched symbol in the list of 
possible symbols given in the conversion table 25. The sum of possible 
branches is equal to the sum of the first mapped memory locations 
representing the initial branches of the probability tree and the possible 
branches stored in all previous memory locations. Thus an input sequence 
consisting of 1, 2 would result in a first mapping being made to memory 
location 3. This contains the code 5, which indicates that four further branches 
are possible. The next symbol is fetched. It is verified that *2' corresponds to 
one of the possible branches. The symbol has the fourth position in the list 
of branches (-1, 0, 1, 2) given in the conversion table 25. Thus the sequence 1, 
2 is a valid coded sequence. The next address is equal to the sum of the initial 
basic branches (i.e. the addresses to which a first symbol can be mapped), 
which in the present example is 5 (addresses 0 to 4). To this is added the sum 
of the branches contained in memory locations up to address 3, and the 
position of the subsequent symbol in the list indicated in memory location 3. 
This gives a total of 5 + (3 + 1 + 2) + 4 = 1 5. The next address is thus the 1 5^ 
location or address 14, since the addresses start with 0. This is verified by the 
mapping of the symbol 2 indicated in the left-hand column of the cell with 
address 14. 
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The conversion table 25 may alternatively be more complex in structure and 
provide absolute memory locations corresponding to each possible branch. In 
this way the next address would not need to be calculated, but more storage 
capacity would be needed. 

The conversion table is preferably stored in the processor 21. However, it may 
be possible to store some of the information about the branches in the 
codeword memory, depending on how much capacity is available for each 
address. 

The arrangement illustrated in Fig. 8 is a schematic representation of possible 
encoding and decoding hardware. It will however, be understood that the 
functions of the various elements shown in Fig. 8 may be performed entirely 
in a digital processor system operating under the control of a program. The 
codebook memory could then be implemented virtually from part of the 
memory space incorporated in the processor system. 

Fig. 10 is a flow chart illustrating the procedure for compressing data using the 
arrangement shown in Figs. 8 and 9. The procedure starts at step 30 with the 
reading of a symbol. In step 31 it is determined whether the symbol is inside 
the designated range, i.e. whether the symbol forms part of a coded sequence 
and can be mapped to a memory location. If this is the case, the process moves 
to step 32 and the new memory address is calculated. In the following step 33 
a marker, *codeword_started% indicating that the coding of a sequence has 
started, is set. In step 34 it is verified whether the data last sent was 
uncompressed. If this is true, in step 35 the symbol indicating compression is 
sent. If the last data sent was in compressed mode, the process moves directly 
from step 34 to step 36, where the contents of the memory location are read 
and it is determined whether an end branch has been reached. If the end 
branch has not been reached the procedure returns to step 30 and the next 
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symbol is fetched. If the end branch is reached, the procedure passes to step 
38, where the memory address is sent as the codeword. In step 39, the memory 
address is reset to 0 and in step 40, the marker 'codeword started' is reset to 
false, because the coding of a symbol or symbol sequence is terminated. The 

5 process then returns to step 30, and the next symbol fetched. If a symbol is 

discovered *to be out of range in step 31, indicating that the symbol does not 
form part of a coded sequence, the procedure goes to step 4 1 where the status 
of the marker 'codeword_started' is verified. If this is true, this means that a 
codeword has been started, but the subsequent symbol does not form part of 

10 the coded sequence. In step 42, therefore, the memory address is sent as the 

codeword. The memory address is then reset to 0 in step 43, the marker 
'codeword started' reset to false in step 44 and the procedure returns to step 
31, where the fetched symbol is checked against the starting symbols of coded 
sequences to verify if it forms part of a coded sequence. If in step 41, it is 

15 determined that no codeword has been started, i.e. the status of the 

*codeword_started' marker is false, this means that the fetched symbol is not 
contained in any coded sequence. In step 45, the transmission mode is 
checked. If the last data sent was compressed, the symbol indicating 
uncompressed data is sent in step 46 followed by the read symbol in step 47. If 

20 the last transmission was not in compression mode, the symbol is sent in step 

47. The procedure then returns to the start at step 30. 

Decompression is the exact reverse of the compression procedure described 
above. Each codeword is converted into the corresponding symbol or symbol 
25 sequence. The symbols are then summed to retrieve the original uncompressed 

data. 

Figs. 11a to lie illustrate an example using the coding algorithm described 
above. The algorithm was first trained, i.e. the codebook generated, using an 
30 lEGM signal containing 10000 samples sampled at 512 Hz with 8-bit 
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resolution. The training signal is illustrated in Fig. lla. The algorithm was 
then tested on an lEGM signal containing 10000 samples sampled at 512 Hz 
with 8-bit resolution. This uncompressed test signal is depicted in Fig. 1 lb. 
Fig. 11c shows the signal after compression. This signal contains 2149 
samples which gives a compression ratio of 4.6. Fig. 1 Id shows the signal of 
Fig. lie after decompression. Finally, Fig. lie shows the difference signal 
between the original signal depicted in Fig. lib and the decompressed signal 
of Fig. 1 Id. The signal is entirely free of distortion. 

In the coding procedures described above, a codeword is allocated to every 
node and end branch of a probability tree. It will, however, be understood that 
codewords could be assigned only to the end branches of the tree. 
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Claims: 



1 . A data coding method for converting an input signal containing a 
5 plurality of symbols into a compressed signal, including establishing a 

set of fixed-length codewords, the method being characterised by the 
steps of: 

observing a data signal and determining the most frequently occurring 
symbols and/or sequences of symbols containing at least two symbols, 
10 allocating one codeword to each of the most frequently occurring of 

said sjonbols and/or sjonbol sequences, and 
reserving at least one codeword in the set to serve as indicator for 
uncoded symbols. 

15 2. A method as claimed in claim 1, characterised in that each determining 

step is performed by observing the data signal during a predetermined 
time period. 

3. A method as claimed in claim 1 or 2, characterised by allocating 

20 codewords to symbols and sjnnbol sequences that are incorporated in 

other symbol sequences having an allocated codeword. 

4. A method as claimed in any one of claims 1 to 3, characterised by 
supplementing uncoded negative symbols with at least one codeword 

25 indicative of a negative value. 



5. 



A data compression method for compressing a data signal containing a 

plurality of symbols, characterised by including: 

converting the most frequently occurring symbols and/or symbol 




sequences into one of a set of fixed-length codewords (38, 42), 
supplementing the remaining symbols with at least one codeword 
indicative of no compression (46, 47). 

5 6. A method as claimed in claim 5, wherein the number and length of the 

codewords are predetermined. 

7. A method as claimed in claim 5 or 6, including pre-processing an input 
signal containing a plurality of symbols to generate said data signal by 
10 generating a symbol representing the difference between contiguous 

symbols. 

8* A method as claimed in any one of claims 5 to 7 further characterised 
by 

1 5 reading a symbol (30), 

determining if said symbol corresponds to at least one codeword (3 1 , 
41), and 

outputting a codeword if said symbol corresponds to only said one 
codeword . 

20 

9. A method as claimed in claim 8, characterised in that when a symbol 
corresponds to more than one codeword, reading a subsequent symbol, 
determining if said symbol corresponds to at least one codeword, and 
outputting a codeword if said symbol corresponds to only said one 

25 codeword. 

10. A method as claimed in claim 8 or 9, characterised by 

when a symbol corresponds to no codeword, outputting said symbol. 
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11. An arrangement for compressing and decompressing a data signal 
containing a plurality of symbols, characterised by including: 
means (22) for storing fixed-length codewords corresponding to 
symbols and/or symbol sequences with at least one codeword reserved 
for indicating no compression, and 

means (20, 21, 23, 25) for determining if a symbol in said data signal 
corresponds to at least one codeword in said storage means and, when a 
symbol corresponds to only one codeword, for transmitting said 
codeword, wherein the determining means are further adapted to 
transmit a symbol supplemented by said at least one reserved codeword 
if said symbol corresponds to no codeword in said storage means. 

12. An arrangement as claimed in claim 1 1, characterised in that 

said storage means (22) include a plurality of storage locations (221) 
designating codewords, wherein each storage location (221) contains 
an indication of the number of possible coded symbol sequences, and is 
mapped to a symbol of said data signal. 

13. An arrangement as claimed in claim 1 1 or 12, characterised in that 
means generating a difference symbol between contiguous symbols in 
said data signal are connected upstream of said determining means (20, 



14. An arrangement as claimed in any one of claims 1 1 to 13, characterised 
in that the addresses of the storage locations (221) are codewords. 

15. A computer program product for converting a signal containing a 
plurality of symbols into a compressed signal, characterised by 
including computer readable program code means for establishing a set 



21,23, 25). 




of fixed-length codewords, determining the most frequently occurring 
symbols and/or sequences of symbols containing at least two symbols 
in a data signal, 

allocating one codeword to each of the most frequently occurring of 

said symbols and/or symbol sequences, and 

reserving at least one codeword to serve as indicator for uncoded 

symbols. 

A program product as claimed in clgiim 15, ftirther characterised by 
computer readable program code means for compressing said data 
signal by converting the most frequently occurring symbols and/or 
symbol sequences into said fixed-lengfh codewords by: 
reading a symbol, 

determining if said symbol corresponds to at least one codeword, and 
outputting a codeword if said symbol corresponds to only said one 
codeword, and by outputting a symbol when said symbol corresponds 
to no codeword. 
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(57) Abstract: The invention relates to a compression 
and decompression coding scheme and arrangement. The 
scheme converts a data signal containing a plurality of 
symbols into a series of codewords. A set of codewords is 
established and the data signal is subsequently observed 
to determining the most frequently occuring symbols 
and/or sequences of symbols containing at least two 
symbols. A codeword is then allocated to each of 
the most frequently occuring of said symbols and/or 
symbol sequences. At least one codeword is reserved 
for indicating uncompressed data. When compressing 
a signal, the incoming symbols are first checked to 
see if they correspond to at least one codeword. If 
a symbol corresponds to more than one codeword, 
further symbols are read until a symbol is found which 
corresponds to one codeword only. The codeword is 
then transmitted. Any symbols that correspond to no 
codewords are supplemented with a codeword indicative 
of no compression and then transmitted. 
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POWER OF ATTORNEY- As a named inventor, 1 hereby appoint the following attorney( 
this application and transact all business in the Patent and Trademark Office connected herewith 

And 1 hereby appoint all Attorneys identified by the United States Patent & Trademark O 
who are all members of the firm of Schiff, Hardin & Waite. 


s) and/or agent{s) to prosecute 
ffice Customer Number 26574. 


Send Correspondence to: SCHIFF, HARDIN & WAITE 

Patent Department 

6600 Floor Sears Tower. Chicago. Illinois 60606 
nii<*tom6r Number 26574 


Direct Telephone Calls to: 
312/258-5790 
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0 
1 


FULL NAME 
OF INVENTOR 


FAMILY NAME 
LIDMAN 


FIRST GIVEN NAME 
JOHAN 


SECOND GIVEN NAME 


RESIDENCE & 
CITIZENSHIP 


CITY 

STOCKHOLM S &7<. 


STATE OR FOREIGN COUNTRY 
SWEDEN 


COUNTRY OF CITIZENSHIP 
SWEDEN 


POST OFFICE 
ADDRESS 


POST OFFICE ADDRESS 
KRUKMAKARGATAN 63 kv, 


CITY 

8117-41 STOCKHOLM 


STATE & ZIP CODE/COUNTRY 
S1 17-41 STOCKHOLM. 
SWEDEN 
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declare that all stat 
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ements made herein of my own knowledge are true and that all statements made ^ 
and further that these statements were made with the knowledge that willful false statements and the 
by fine orTmS or both, under section 1001 of Title 18 of the United States Code, and that 

5 mav ieooardize the validity of the application or any patent issuing thereon. ^ — 
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